the duration of nocturnal pineal melatonin secretion (Bittman and Karsch, 1984; Carter and Goldman, 1983) ; elevated melatonin secretion is ~3 h longer in 14-h nights than in 8-h nights (Darrow et al., 1986) . Neural and pituitary melatonin target tissues decode the duration of these signals, thereby controlling many seasonal traits (Bartness et al., 1991; Lincoln and Clarke, 1994; Maywood and Hastings, 1995) .
In long-day (LD) breeders, the decrease in DL after the summer solstice initiates gonadal regression (Butler et al., 2007a) . Reproductive quiescence endures for 3 to 4 months (Carter et al., 1982; Park et al., 2006; Reiter, 1980) , during which time the antigonadal effect of short days wanes. Both in the field (Christian, 1980) and in simulated natural photoperiods (Butler et al., 2007a (Butler et al., , 2007b , gonadal recrudescence begins during the short DLs of mid-winter. Rodents held in static short DLs also spontaneously revert to the spring reproductive phenotype after many weeks (Prendergast et al., 2000) . This so-called spontaneous recrudescence, documented in a number of rodent species (Goldman et al., 2004) , is universally attributed to the development of neuroendocrine refractoriness to long-duration pineal melatonin signals (e.g., Bartness et al., 1993; Bittman, 1978; Freeman and Zucker, 2001; Prendergast et al., 2002) . Importantly, nocturnal melatonin secretion continues to faithfully encode day length in refractory hamsters (Rollag et al., 1980) .
In most rodent species, the transition to the winter phenotype requires the pineal gland: pinealectomized animals in LDs sustain the spring phenotype and continue to do so even when transferred to short days (SDs; e.g., Siberian hamsters, Carter and Goldman, 1983 ; marsh rice rats, Edmonds et al., 2005;  whitefooted mice, Johnston et al., 1982; Syrian hamsters, Reiter, 1980; meadow voles, Rhodes, 1989 ; field voles, Versi et al., 1983) . In contrast, pinealectomy of LDhoused Turkish hamsters (Mesocricetus brandti) induces a sequence of gonadal regression and recrudescence temporally indistinguishable from that induced by short DLs (Carter et al., 1982) . A similar phenomenon has been described in only one other rodent, the European hamster, Cricetus cricetus (Masson-Pévet et al., 1987) . The proximate causes of this type of gonadal regression and recrudescence are unknown. The sudden withdrawal of melatonin appears to trigger both gonadal regression and subsequent recrudescence via a melatonin-independent mechanism. Turkish hamsters experience long melatonin-free intervals during hibernation; a melatonin-independent interval timer may be necessary to ensure the onset of gonadal recrudescence at the appropriate time in the spring.
The properties of the postulated melatoninindependent mechanism, as well as its relation to melatonin-dependent seasonal processes, have not been studied. Hong et al. (1986, p 530) suggested that "two different mechanisms are responsible for testicular regression in this species [Turkish hamsters] ." We tested the hypothesis that testicular regression and subsequent recrudescence induced by short day lengths (long-duration nocturnal melatonin secretion) and by constant light treatment, which eliminates melatonin secretion, are mediated by common or interconnected neuroendocrine substrates.
MATERIALS AND METHODS
A Turkish hamster colony was established locally in 2004 from stock generously supplied by Robert and Joan Johnston of Cornell University. The breeding room was maintained in a 16L photocycle (16 h light/day, light intensity at cage level of ~300 lux; lights on at 0200 h, Pacific Standard Time) at an ambient temperature of 22 ± 1 °C. Hamsters had continuous access to tap water and pellets of either Lab Diet Prolab 5P00 or 8664 Harlan Teklad F6 Rodent Diet. Diet had no effect on responses to photoperiod (data not shown). Hamsters were assigned to experimental groups at approximately 10 weeks of age. All procedures were approved by the Animal Care and Use Committee of the University of California, Berkeley.
At regularly scheduled intervals, the length and width of the hamsters' right testes were measured externally under light anesthesia induced by isoflurane vapors. Estimated testis volume (ETV; testis length × width squared) is a noninvasive measure highly correlated with testis weight and reproductive competence (Watson-Whitmyre and Stetson, 1985) . Long-day Turkish hamsters in reproductive condition and those that have undergone complete testicular regression have ETVs of ~5500 and 1500, respectively. Testes were measured by a single investigator within experiments (experiments 1, 3, 4: MB; experiment 2: KT). Measures differed slightly between experimenters. For purposes of identifying testicular regression across all hamsters (see Results and Fig. 2 ), minimum ETV values for experiment 2 were adjusted (ETV adjusted = 1.13 × ETV KT + 66.7) based on the mean difference between minimum ETV in 16L (ETV MB = ETV KT + 642) and in 10L hamsters with ETV <2000 (ETV MB = ETV KT + 168). All other analyses in experiment 2 were performed on unadjusted data.
Experiment 1: Effects of Constant Light (LL) on Responsiveness to Short Days
Adult males were maintained in their natal 16L photoperiod (n = 27) or transferred to LL (n = 46) for 28 weeks (weeks 0-28; phase 1); thereafter, all hamsters were housed in a 10L photoperiod for 24 weeks (lights on at 0800 h; weeks 28-52; phase 2). See Figure  1 for the timeline of treatments in this and succeeding experiments. ETV was determined every 4 weeks. For 7 of the long-day control hamsters, ETV was not measured during phase 1. See Table 1 and Figure 3 legend for specific details about numbers of hamsters in each analysis.
Experiment 2: Effects of 10L on Responsiveness to Short Days
This experiment assessed whether hamsters that have undergone gonadal regression and recrudescence in 10L will undergo a second testicular involution with continued maintenance in short DLs. During phase 1, hamsters randomly assigned to 16L (n = 14) and 10L (n = 10) were maintained in these photoperiods (weeks 0-24) and then moved to 10L for 16 weeks in phase 2 (weeks 24-40); ETV was measured every 4 weeks.
Experiment 3: Effects of Refractoriness to Short Days on Responsiveness to Pinealectomy
Constant light and pinealectomy each cause gonadal regression in long-day photosensitive Turkish hamsters (Carter et al., 1982) , but it was not known whether short-day refractory hamsters would respond in a similar fashion to these interventions. Groups of adult males from the 16L colony were randomly assigned to this photoperiod (n = 34) or to 10L (n = 35) for 24 weeks (phase 1, weeks 0-24). ETVs were obtained every 4 weeks. Three hamsters in 16L had small testes at a single phase 1 time point together with a substantial reduction in body weight attributable to defective water bottles; these and the next ETV points were removed from all analyses. At week 28, hamsters from each photoperiod were equated with respect to prior gonadal history and either pinealectomized (pinx) or sham-pinx. Hamsters remained in their presurgery photoperiods; the resulting groups were SD-pinx, SDsham, LD-pinx, and LD-sham. ETVs were monitored for the next 16 weeks (phase 2, weeks 28-44). This experiment was performed in 3 balanced replications (n = 20, 20, and 29) and combined for analysis.
For surgical procedures, the hamsters were held in a stereotaxic apparatus equipped with a Model 906 rat anesthesia mask for the delivery of isoflurane vapors (David Kopf Instruments, Tujunga, CA). The lambda suture was exposed by a midline incision on the head, and a hole was drilled in the skull either lateral to or on lambda. The pineal gland was removed with fine iris forceps, and bleeding from the superior sagittal sinus was staunched. The skull opening was filled with Gelfoam (Pharmacia, Kalamazoo, MI) and the scalp incision closed with wound clips (Mik Ron Auto Clip 9 mm, Becton Dickinson, Franklin Lakes, NJ). In replicate 1, hamsters were deeply anesthetized with equithesin (2.5-3.0 mL/kg intraperitoneally [IP] ) and treated postoperatively with buprenorphine (0.2 mL of 0.015-mg/mL solution, injected subcutaneously [SC], Hospira, Lake Forest, IL). In replicate 2, hamsters were treated preoperatively with 0.2 mL buprenorphine SC followed 10 min later by pentobarbital sodium (10 mg/kg IP); surgical anesthesia was then maintained by isoflurane. Hamsters in replicate 3 were treated as those in replicate 2 but were not injected with pentobarbital sodium. All hamsters in replicates 2 and 3 were injected with 5 to 10 mL of sterile saline SC postoperatively. Apple and mush were provided daily for 5 days after surgery.
Experiment 4: Effects of Short Days on Responsiveness to Constant Light
Groups of adult males were kept in the colony 16L photoperiod (n = 11) or transferred to 10L (n = 14) (phase 1, weeks 0-32). All hamsters were then transferred to LL for 16 weeks (weeks 32-48). ETV was measured every 4 weeks except for week 28 of phase 1.
Statistics
Effects of photoperiod treatment and time were assessed with repeated-measures analysis of variance (ANOVA), with each experimental phase analyzed separately. The results were largely unchanged by the inclusion of nonresponders (e.g., Fig. 3 ), so for clarity, only the data from responsive hamsters are shown in Figures 4 to 6. When analyses were limited to responsive hamsters, all effects of photoperiod, time, surgery, and their interactions were highly significant (p < 0.001). The results were robust and remained significant (p < 0.05) when all nonresponders were included, save for experiment 3, phase 2, as noted below in the Results section. Pairwise differences between groups were tested with the post hoc Tukey test (indicated in the figures). Differences in the proportions of hamsters responding to different manipulations were assessed with chi-square tests. Within experiments, sample sizes differed for different statistical tests: ETV values were unavailable for some hamsters (missing values or death; see Results), so data from these hamsters were neither included in ANOVA tests nor plotted in line graphs . Nevertheless, whether or not these hamsters underwent testicular regression could generally be determined, so they were included in the chi-square tests of independence (Table 1) . Analyses of photoresponsiveness were restricted to hamsters that survived until at least week 16 of phase 2 in each experiment. In experiment 3, between-group differences at specific time points were analyzed by 2-way ANOVA followed by post hoc Tukey tests. All statistical tests were performed using the StatView program (Version 5.0.1, SAS Institute, Cary, NC), with significance level set to p = 0.05. Means and standard errors are reported.
RESULTS

Photoperiodic Nonresponsiveness
In every well-studied photoperiodic rodent species, some individuals fail to undergo gonadal regression during maintenance in short day lengths; they are designated nonresponders (reviewed in Prendergast et al., 2001) . Rates of nonresponsiveness to both short days and constant light (LL) were higher than previously reported for this species (Carter et al., 1982) . Based on phase 1 data, hamsters were considered photoresponsive if minimum ETV fell below 3000; this threshold discriminates between regressed and nonregressed testes (Fig. 2) . Mean minimum ETV of 16L hamsters was 5096 ± 83 (range, 3124-6859; Fig. 2 ). The number of hamsters that exhibited regression or maintained large testes is shown in Table 1 . During phase 1, nonresponsiveness was more prevalent in LL (30 of 55, 55%) than in short days (9 of 59, 15%; chi-square test: p < 0.001). The same threshold (ETV < 3000) defined responsiveness to 10L, LL, and pinealectomy during phase 2.
The rate of nonresponsiveness to short days increased with age, from 15% in phase 1 to 59% in phase 2 (experiments 1 and 2: chi-square test, p < 0.001). Nonresponsiveness to melatonin suppression remained unchanged at 55% in phase 1 LL (experiments 1 and 2, n = 55), 55% in phase 2 LL treatment (experiment 4, n = 11), and 64% after phase 2 pinealectomy (experiment 3: n = 22) (omnibus chi-square test: p > 0.7).
Experiment 1: Effects of Constant Light (LL) on Refractoriness
Phase 1. Hamsters in 16L maintained large gonads, while those in LL exhibited regression and recrudescence (all hamsters, Fig. 3A; responders only, Fig. 3B) . A significantly higher proportion of LL hamsters exhibited regression (Table 1 , chi-square test, p < 0.001). Between weeks 16 and 20, testes of LL hamsters began to undergo recrudescence and achieved long-day values by week 24. This confirms findings of Carter et al. (1982) that LL induces testicular regression and, after 16 weeks, permits testicular redevelopment.
Phase 2. A significantly larger proportion of hamsters from 16L than from LL responded to 10L with gonadal regression, indicating that LL induced refractoriness to short days (Table 1) . Hamsters from LL maintained large gonads during the short-day (10L) challenge, whereas 16L hamsters underwent substantial gonadal regression before initiating spontaneous recrudescence ( Fig. 3) . Note that the time course of regression and recrudescence is similar in LL and 10L. The inclusion of nonresponders (Fig. 3A) attenuates but does not obscure the general pattern evident among the responders (Fig. 3B) ; when analysis is limited to responders, between-group differences are detected at 3 additional time points (Tukey test, Fig. 3 ).
Experiment 2: Effects of 10L on Responsiveness to Short Days
Phase 1. The testes of 9 of 10 hamsters underwent regression and recrudescence in 10L but remained large in all 14 hamsters in 16L (chi-square test, p < 0.001).
Phase 2. Hamsters that had experienced regression in 10L failed to undergo a second regression in response to the continuation of the 10L challenge. In contrast, photosensitive hamsters from 16L experienced gonadal regression ( Fig. 4 ; responders only are plotted). Including all hamsters, there was a significant difference in the proportion of 10L and 16L hamsters that exhibited regression in 10L during phase 2 (Table 1) .
Experiment 3: Effects of Refractoriness to Short Days on Response to Pinealectomy
Phase 1. Twenty-nine of 35 hamsters in 10L but none of 34 hamsters in 16L underwent testicular regression (Table 1; chi-square test, p < 0.001). The 6 SD males that failed to undergo gonadal regression were removed from the experiment. Table 1 ). Testicular regression, recrudescence, and the response to pinealectomy are shown in Figure 5 for responsive hamsters (i.e., those exhibiting regression in 10L or after pinealectomy in 16L). The time course of response to SDs and to pinx was comparable: minimum ETV values indicative of complete gonadal regression occurred at week 12 of both phases (Fig.  5 ). When data analysis was restricted to responders, the effects of photoperiod, surgery, time, and all interactions were significant (repeated-measures ANOVA, p < 0.001, Fig. 5 ). ETVs for LD-pinx hamsters differed significantly from those of the other 3 groups on weeks 8 to 16 after surgery (phase 2; Tukey test, p < 0.05). Unlike in the other experiments, the significance of the statistical tests was altered when data for nonresponders were included, but trends remained unchanged (effect of photoperiod, p = 0.052; effect of surgery, p = 0.13; time × photoperiod × surgery interaction, p = 0.067; all other effects, p < 0.05). Significant pairwise differences in phase 2, as illustrated in Figure 5 , were nevertheless preserved when all LD-pinx nonresponders were included in the analysis. Fig. 6 ). With the inclusion of the 6 LL nonresponders, all pairwise comparisons indicated in Figure 6 remained significant, and additional differences were detected at weeks 4 and 24 of phase 1 (not illustrated).
DISCUSSION
In Turkish hamsters, a melatonin-independent timer coordinates a pattern of gonadal regression and recrudescence in the absence of melatonin, culminating in a physiological state indistinguishable from that induced by short day lengths. Experiments 1 and 2 demonstrate that prolonged exposure to constant light, which suppresses melatonin secretion in Turkish hamsters (Hong et al., 1993) , renders males unresponsive to the antigonadal effects of subsequent short-day exposure. These hamsters are refractory to long-duration melatonin signals despite never once experiencing such a signal. Experiments 3 and 4 establish the converse relation: short days that induce gonadal regression and later gonadal recrudescence render hamsters unresponsive to the antigonadal effects produced by cessation of melatonin secretion. The state induced by prolonged exposure to short-day melatonin signals Week 28 of phase 1 is equivalent to week 0 of phase 2. Data in A are for all hamsters for which estimated testis volume (ETV) measures were obtained at all 14 time points; of the 27 hamsters in 16L, 7 hamsters were not measured in phase 1, 2 others missed isolated measurements, 1 died after 4 weeks of phase 2, and 2 more died after 16 weeks of phase 2. Three of the 46 hamsters originally in LL died after 16 weeks of phase 2; their data are not plotted. Data in B are restricted to hamsters with minimum ETV < < 3000 either in phase 1 LL or in phase 2 10L. Of the ten 10L-responsive hamsters (Table 1) , only 5 are plotted: 3 hamsters were missing ETV measures, and 2 others died between weeks 16 and 20 of phase 2. *Significant pairwise differences between groups (Tukey test; p < < 0.05).
appears to be isomorphic with that produced by longterm absence of melatonin. Turkish hamsters exposed to low ambient temperatures spend much of the winter in deep hibernation, during which melatonin secretion is suppressed, except during periodic arousals of 1 to 3 days' duration (Darrow et al., 1986) . A melatonin-independent timer that induces refractoriness to short days would both ensure appropriate timing of spring gonadal growth and prevent photoinhibition by the short days of late winter and early spring. We propose that decreases in day length from mid to late summer initiate testis regression, a melatonin-dependent process that may also be accelerated by decreasing ambient temperatures (cf. Larkin et al., 2002) . The decrease in testosterone secretion is a prerequisite for entry into hibernation in male Turkish hamsters (Hall and Goldman, 1980) . Once this occurs, we propose that an interval timer that continues to run in the absence of melatonin during bouts of torpor terminates hibernation and initiates spring gonadal recrudescence. Although likely unavoidable in the field, decreasing day lengths may not be a strict requirement to initiate the process: in Turkish hamsters maintained in long days, decreases in ambient temperature from 22 to 6 °C provoke testicular regression (Jagiello et al., 1992) , followed by spontaneous gonadal recrudescence several months later . We surmise that these hamsters would subsequently be unresponsive to antigonadal effects of SDs because melatonin secretion is abrogated at low ambient temperatures.
Faithful encoding of day length by melatonin is sufficient to initiate gonadal regression in Siberian hamsters, but here too, additional weeks of melatonin secretion are dispensable. Thus, 6 weeks of short DLs trigger refractoriness many weeks later without the necessity of intervening melatonin secretion (Prendergast et al., 2000) ; 6 weeks of long days also terminate refractoriness several months later, again without intervening melatonin availability (Kauffman et al., 2003) . In these instances, melatonin signals initiate processes that, once begun, later induce and break photorefractoriness, respectively, in the absence of melatonin. The interval timers that govern these events are at least partially independent of sustained melatonin secretion; melatonin-independent processes may be common among seasonal species. It is unknown whether the breaking of short-day-induced refractoriness by long day lengths can occur in the complete absence of melatonin, but we consider this unlikely (cf. Bittman and Zucker, 1981) .
Only nocturnal melatonin durations that fall within a narrow range, corresponding to day lengths of 15 to 17 h (Hong et al., 1986) , maintain reproduction; all other melatonin durations induce and maintain reproductive quiescence until refractoriness ensues. Such biphasic responses to photoperiods have been shown in 2 other species to various degrees (Siberian hamsters, Hoffmann, 1982; Soay sheep, Wagner et al., 2008) . In sheep, physiological responses to photoperiod correlated with amplitude of several photoperiodism-related genes, suggesting that very long and very short melatonin durations may be transduced in the same way at the molecular level (Wagner et al., 2008) . There may be little selection pressure to sustain gonadotropin secretion for melatonin durations outside a restricted range, including those generated in very short or very long day lengths or after suppression of melatonin secretion by constant light or pinealectomy (B. D. Goldman, personal communication, 2008) . This view dispenses with the distinction between melatonin-dependent and melatonin-independent interval timers; differences between congeneric Syrian and Turkish hamsters may reflect only the range of long days sufficient to maintain the long-day phenotype (12.5-24 h in the former and 15-17 h in the latter; Elliott, 1976; Hong et al., 1986) .
The present results suggest a close relation between the mechanisms that underlie Type I seasonal rhythms, which rely on exogenous cues to trigger and reset endogenous timers, and Type II rhythms that are completely endogenous (Goldman et al., 2004; Zucker et al., 1991; Zucker, 2001) . Turkish and European hamsters are the only Type I photoperiodic rodents in which the pineal gland is necessary to maintain the long-day reproductive phenotype (Carter et al., 1982; Hoffman and Reiter, 1965; Masson-Pévet et al., 1987; Prendergast and Freeman, 1999) . That Turkish hamsters have both Type I and Type II traits suggests flux in seasonality substrates or coexistence of different seasonal phenotypes (Nelson, 1987) .
Nonresponsiveness to 10L increased with age, from 15% at ~10 to 34 weeks to 59% at ~34 to 52 weeks of age. In contrast, age did not increase nonresponsiveness rates in LL (55% to 61% for age ranges above). Increases in short-day nonresponsiveness have been documented in older Siberian hamsters and prairie voles (Bernard et al., 1997; Horton and Yellon, 2001; Nelson, 1987) . For short-lived species, advancing age and reduced future reproductive potential may favor continued breeding with the approach of winter, compared with ceasing breeding until the next season.
The present data suggest a degree of melatonin independence in seasonal timing and in the development of neuroendocrine refractoriness to melatonin. This may be peculiar to Turkish hamsters, or it may be a hitherto unrecognized mechanism that underlies seasonal timing in many photoperiodic species but that remains inaccessible without the pineal gland. The Turkish hamster may be a valuable species with which to dissect the interplay of photoperiod, melatonin, and endogenous interval timers in photoperiodism.
